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A B S T R A C T

Commonly used bioprinting technologies (e.g., material extrusion, material jetting) enable the fabrication of 
complex, multimaterial and multiscale scaffolds with controlled properties for tissue engineering applications. 
This enables the fabrication of scaffolds that more accurately replicate the structure of natural tissues. Despite the 
availability of commercial bioprinters, their high cost and lack of customization have driven researchers to 
modify existing devices or create entirely new platforms. Among all the available examples in literature, there is 
a strong need for more modular systems which are robustly designed taking into consideration the specific needs 
of bioprinting. In this context, the aim of this work is to introduce robust engineering methodologies to design 
and fabricate custom hardware and software for multimaterial and multiscale bioprinting. Firstly, we will 
identify the main design requirements that should be considered for a bioprinter (e.g., encumbrance, positioning 
resolution). Based on these requirements, we will then propose an analysis of the key building blocks of a bio
printer, including hardware (i.e., positioning system, toolheads, additional modules for extended functionalities), 
electronics (i.e., power supply, control boards), and software, introducing for each one the main concepts and 
equations for its optimal design. Throughout the work, we will use a customized bioprinting platform (namely, 
the BOOST bioprinter) as an example of the application of the proposed methodologies. Finally, we will present a 
validation of the methodologies and the bioprinter by fabricating high quality scaffolds through the combination 
of material extrusion and material jetting. The firmware developed during this work is available online as a 
support for developing more robust customized bioprinters.

1. Introduction

In the context of Tissue Engineering (TE), bioprinting has been 
defined as the use of Additive Manufacturing (AM) technologies as a 
bottom-up approach to fabricate scaffold-based constructs for TE ap
plications, including implantation and in vitro modelling [1]. Currently, 
bioprinting techniques can be used to print both bioinks (i.e., inks 
containing cells with or without the addition of one or more supporting 
biomaterials) and biomaterial inks (i.e., inks containing only bio
materials). In the latter case, the scaffolding structure is printed first, 
and seeded with cells in a second, separate step [2]. The number and 
variety of AM techniques that can be used to process biomaterial inks is 
greater than those for bioinks, as there are no strict requirements related 
to cell damage that may exclude a processing technique (e.g., use of high 

temperatures, damaging shear stress) [3]. In the bioprinting literature, 
multiple technologies have been proposed for biomaterial ink scaffold 
fabrication, among which extrusion-based bioprinting (EBB), fused 
deposition modelling (FDM, known also as Fused Filament Fabrication), 
and inkjet bioprinting (IJB) rank among the most used ones [4]. In EBB, 
the material, usually a hydrogel contained in a syringe, is deposited 
layer-by-layer onto a printing plate by applying a pressure either 
through pneumatic or mechanical actuation on the syringe plunger [5]. 
EBB can process a wide variety of materials, with a viscosity up to 104 

Pa*s, uses simple hardware and is easy to operate [6], and as a result has 
been applied successfully to fabricate constructs for the regener
ation/modelling of different tissues such as bone [7,8] and cartilage [9,
10]. FDM is an AM technique which can be used to produce scaffolds 
using rigid thermoplastic materials, usually provided in form of filament 
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but also in more niche applications directly as pellets. When compared 
to pellet feedstock, filaments allow for a more homogeneous product at 
the cost of increased production time (as the process becomes a two-step 
one, first obtaining the filament from pellets and then printing) and 
increased risk of thermal degradation depending on the polymer to be 
processed [11,12]. In FDM, the material passes in a hot region to facil
itate its extrusion through a printing nozzle and deposited onto the 
plate. In the context of bioprinting, FDM has been mainly adopted in 
fabricating scaffolds for rigid tissue engineering like bone [13–15]. 
Finally, inkjet bioprinting (IJB) is commonly used to directly print cells 
[16,17] or to locally deposit biological material in precise positions on 
the surface/inside a bioprinted scaffold [18]. The common IJB set-up 
consists of a cartridge, which contains the material to be printed, and 
the nozzles through which the ink drop is ejected. The mechanism of 
droplet formation varies depending on the IJB technique. For example, 
in thermal drop-on-demand (DOD) inkjet, the acqueous material is 
heated at high temperature to create a bubble, which in turn pushes the 
material out of the nozzle. On the other hand, in piezoelectric DOD 
inkjet a voltage pulse (with precise amplitude and temporization) is 
applied to a piezoelectric element which deforms and produces a pres
sure wave that enables the jetting process [19].

Although bioprinter commercialization represent an important share 
of the bioprinting market [4,20], several groups have reported the 
development of custom bioprinters/toolheads as alternative, more cus
tomizable, and cheaper solutions to commercial hardware [21–26], as 
summarized in Table 1. For instance, Koch et al. showed the open-source 
modification of a commercial Prusa i3 FDM 3D printer with the inclu
sion of a syringe pump for EBB. The authors fabricated a 

proof-of-concept composite scaffold for bone TE applications by 
continuously alternating between a rigid, FDM-printed PCL support and 
an extrusion-bioprinted gelatin-alginate hydrogel [27]. Similarly, Eng
berg et al. modified the commercial E3D tool-changer system to include 
a mechanical syringe extruder for bioprinting applications. The 
tool-changer system enables the easy integration of multiple extruders to 
obtain multimaterial scaffolds with high resolution. To validate the 
platform, the authors printed a collagen biomaterial ink alongside a 
cell-laden laminin bioink inside a supporting bath (namely, FRESH 
bioprinting technique) [28]. Sanz-Garcia et al. presented the design and 
implementation of a custom toolhead for EBB with a temperature con
trol in the range 2–60 ◦C. The toolhead versatility was validated by 
mounting it on three different open-source 3D printers, demonstrating 
its potential as a low-cost replacement of commercial solutions [29]. 
Finally, Mohammadi et al. have very recently proposed the MOS3S 
(Microfluidic Open-Source 3D bioprinting system) platform, consisting 
in the modification of a Prusa i3 machine with a microfluidic toolhead, 
to fabricate hierarchical scaffolds for TE applications. The microfluidic 
toolhead consists in multiple syringe extruders feeding the biomaterials 
at different rations towards a microfluidic chip, allowing to create 
gradient structures [30]. A current trend in bioprinting research is to 
combine multiple technologies together onto the same machine, 
enabling the fabrication of 3D structures able to recapitulate the com
plex multiscale architecture and composition of human native tissue
s/organs [31–33]. Several examples have been reported in literature on 
the development of customized multimaterial and multiscale bioprinters 
[34–37]. For example, Liu et al. developed an advanced cell printing 
platform by combining EBB with a droplet-based bioprinting technique 

Table 1 
Summary of the main solutions for custom bioprinters developed by researchers, with technical details related to their design and fabrication.

Modified printer # of compatible 
printing technologies

Type of printing technologies Modularity Software 
toolchain

Year Ref

Flashforge Finder 1 EBB (single extruder) – Firmware: 
RepRap 
Slicer: Slic3r 
(Prusa Edition)

2022 [21]

Ender 3 Pro 1 EBB (dual extruder) – Firmware: Marlin- 
based 
Slicer: Slic3r 
(Prusa Edition)

2022 [23]

Prusa i3 1 EBB (single extruder) – Firmware: Marlin 
Slicer: Slic3r 
(Prusa Edition)

2019 [24]

Creality Ender 3 V2 1 EBB (single extruder) – Firmware: Marlin 
Slicer: Cura

2024 [26]

Prusa i3 2 EBB (single extruder) + FDM Yes, syringe adapters for heating EBB Firmware: Marlin 
Slicer: Slic3r 
(Prusa Edition)

2021 [27]

E3D tool changer 
motion system

1 EBB (dual extruder) – Firmware: 
RepRap 
Slicer: Simplify3D

2021 [28]

BCN3D+
Witbox2 
Sigma

1 EBB (single extruder) Yes, modular design of the printhead to use 
differently sized syringes, temperature-controlled 
extruder

Firmware: NA 
Slicer: NA

2020 [29]

Geetech Pro i3 1 EBB (single extruder with millifluidic 
mixing unit)

– Firmware: Marlin 
Slicer:

2024 [30]

Custom 3 EBB + FDM + electrohydrodynamic 
printing

Yes, toolheads can be switched using a custom 
toolchanger mechanism

Firmware: 
Slicer:

2022 [34]

Prusa i3 1 EBB + FDM Yes, allowing switching between EBB and FDM Firmware: Prusa 
firmware 
Slicer: Slic3r

2021 [35]

Custom 2 EBB + electrohydrodynamic printing 
processes

– Firmware: NA 
Slicer: NA

2021 [36]

Custom 1 EBB (multiple extruders) Yes, temperature-controlled extruder Firmware: Marlin 
Slicer: Cura

2017 [37]

Custom 1 EBB (single extruder, coaxial 
configuration) + IJB

Yes, temperature-controlled extruder Firmware: Marlin 
Slicer: Slic3r

2019 [39]

Voron 0.1 2 FDM (filament and pellet extrusion) 
+ Melt electrowriting

– Firmware: 
Slicer:

2023 [40]

Custom 3 EBB + FDM + IJB Yes, toolheads can be switched thanks to a custom 
toolchanger mechanism

Firmware: Marlin 2024 [41]
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using a dual toolhead configuration. The EBB module was used to print 
strands of hydrogel materials containing a high cell density, while the 
jetting toolhead was used to print single cell containing droplets on the 
extruded filaments [38]. Similarly, Yenilmez et al. proposed a low-cost 
bioprinter which integrates both coaxial EBB and IJB together with a 
photocrosslinking tool-head. The authors validated their design by 
inkjet printing methacrylated gelatin (GelMA) together with extruded 
alginate [39]. Reizabal et al. modified an open source FDM printer to 
enable the melt-electrowriting process (i.e., an AM technique able to 
generate fibrous structures at micron scale resolution from a molten 
thermoplastic polymer by applying a high-voltage field) for bioprinting 
applications. The authors showed how the designed system could be 
used to produce multiscale, single material scaffolds by alternating FDM 
printing and melt-electrowriting in the same process. All files to repli
cate the design were made available so that other researchers could 
implement their own system [40]. Very recently, Phung et al. presented 
the development of a custom, cost-effective multi-head bioprinter to 
fabricate complex multimaterial and multiscale constructs. The bio
printer can operate two toolheads at a time and is compatible with 
screw-based FDM for direct pellet extrusion, co-axial extrusion, filament 
FDM and micro-valve printing [41].

Even though the previous examples highlight how different groups 
have developed their own bioprinting platform, there are still some 
limitations in the custom bioprinters landscape. Firstly, many bio
printers are conceived as modifications of already existing desktop 3D 
printers, for example by designing and fabricating additional toolheads. 
This is a major limitation because: i) the hardware is not tailored to the 
specific requirements of bioprinting (e.g., space constraints to work 
under a chemical/biological hood, protection of delicate components 
when printing with possibly damaging materials), ii) the modularity of 
the platform is limited, and additional plates/supports will be needed to 
integrate new printing toolheads or to add new functionalities to the 
printer. Furthermore, even for custom-designed platforms, robust engi
neering practices (i.e., a set of design methodologies that, if chosen from 
the beginning of the bioprinter development, will ensure achievement of 
targeted functionalities in a robust way) are not clearly presented, 
limiting the diffusion of these platforms to other laboratories and their 
adaption to new use-cases. In this context, the aim of this work is to 
present robust design methodologies to implement a custom bioprinting 
system from scratch with the final aim of producing scaffolds for TE 
applications. We will firstly present a comprehensive workflow to 
implement the bioprinter considering its main components (i.e., hard
ware, electronics, and software), and detail for each of them which are 
the main design choices to be made with the support of mathematical 
modelling. As an example application of these methodologies, the 
development of a custom bioprinter (termed the BOOST bioprinter [42]) 
will be also presented. The platform has already been used for the 
fabrication of high quality, repeatable scaffolds through EBB. Here, we 
will validate our design workflow by showing the functionality of the 
BOOST bioprinter for the fabrication of multimaterial and multiscale 
scaffolds using a combination of FDM and IJB and EBB and IJB. The 
firmware source codes are made available open source in a ZENODO 
repository (https://doi.org/10.5281/zenodo.10993098). STEP files of 
the bioprinter are available on request.

2. Materials and methods

2.1. Overview of the design workflow

Herein, we define a workflow to design a custom bioprinter able to 
fabricate multimaterial and multiscale scaffolds for TE applications. The 
workflow starts with the definition of the main design requirements that 
will guide the bioprinter development. These requirements are both 
quantitative (e.g., targeted values for positioning accuracy, precision, 
repeatability) and qualitative (e.g., compatibility of the software tool
chain with standard software for AM) and will influence the 

development of the following steps. The latter focus on the three key 
building blocks of a bioprinter, namely the hardware, the electronics, 
and the software. The hardware encompasses all the physical compo
nents necessary to operate the printer, which mainly include the print
ing toolheads, the positioning system (which moves the printer end- 
effector in space), and any other additional module to increase the 
bioprinter functionality. Each hardware component is controlled though 
specific electronics modules, including for instance the power supply 
and the drivers for the toolheads and positioning system. Finally, a 
software layer is necessary to properly operate the bioprinter by 
orchestrating the movement of each hardware component controlled by 
the electronics. Overall, the union of all key building blocks enables the 
translation of the scaffold digital model into a physical product. 
Throughout the following sections, we will make use of the BOOST 
platform as an example of the application of this workflow to engineer a 
bioprinter. An overview of the CAD model for the BOOST bioprinting 
platform is reported in Fig. 1.

2.2. Step 1: design requirements definition

Quantitative and qualitative requirements for the bioprinter should 
be clearly defined as the first step to design the platform, as they will 
directly control the development of the machine key building blocks. For 
instance, the decision on how many and which printing technologies 
should be implemented on the bioprinter will influence the design of the 

Fig. 1. In (a), the rendering of the CAD model of the BOOST bioprinting 
platform, while in (b) the fabricated platform.
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overall supporting structure (in terms for example of weight constraints) 
and the selection of the positioning system (as the minimum feature 
resolution of the chosen printing technologies should be compatible 
with the resolution of the positioning system). A summary of key design 
requirements and how these may influence the building blocks devel
opment is reported in Table 2.

Taking into consideration the specific case of the BOOST bioprinter, 
the key requirements that guided its development included: i) compat
ibility with three deposition technologies, namely EBB, thermal IJB, and 
FDM, with the ability to use up to two in the same printing process. The 
choice of these specific printing technologies allows the bioprinter to 
process a wide variety of (bio)materials (i.e., thermoplastic polymer, 
hydrogels, pastes, liquid solutions) at two main length scales, namely 
below the millimetre one for EBB and FDM and below the hundreds of 
microns one for IJB. Accordingly, the targeted resolution (i.e., the 
smallest increment of motion that a positioning system is able to ach
ieve), accuracy (i.e., the error between the measured position and the 
targeted one), and repeatability in positioning (i.e., the variation in 
actual positions after commanding the target position repeatedly under 
the same testing conditions) was chosen to be below the tens of microns 
range to enable the precise deposition of droplets through IJB. ii) small 
form factor and reduced weight so that the printer could fit inside a 
chemical/biological hood; iii) modularity of the platform, with the 
ability to expand it by adding new modules (e.g., new sensors, new 
controls on the toolhead and the environment); iv) increased control 
over the printing process, thanks to purposely designed toolheads.

2.3. Step 2: development of the hardware

The hardware building block represents the base of the bioprinting 
system. As previously highlighted, it is usually given by: i) the posi
tioning system, ii) the printing toolheads, and iii) any additional 
modules.

2.3.1. Development of the positioning system
The positioning system should be able to move the printer end- 

effector (i.e., the toolheads) in space with a certain degree of accu
racy, precision, and repeatability. The target values for these three pa
rameters should be determined during the initial design requirements 
definition (see Section 2.1) and will influence the choice of the final 
positioning system.

In standard bioprinter hardware, a cartesian reference system is 
used, in which the position of the end-effector is specified relative to a X- 
Y-Z reference system. The end-effector movement is achieved using 
computer-controlled motors (typically stepper motors, although servo 
motors might also be used) either by moving the toolheads in the Z di
rection and the printing bed in the X and Y (namely, a bed-slinger sys
tem), or by moving the toolheads in the X and Y plane and the bed along 
the Z axis (namely, a Core-XY system). The main difference between a 
bed-slinger and a Core-XY resides in the mass to be moved during 
printing. In a Core-XY system, the toolheads are moving; this means that, 
for a single and lightweight toolhead, this configuration is inherently 
faster than a bed-slinger one, since in the latter the heavier printing bed 
will be the element to move. On the other hand, this also limits the 
number and weight of the mounted toolheads in a Core-XY system. 
When choosing a positioning system, it is thus important to consider its 
maximum load capacity Flc (measured in [N]) and compare it with the 
mass to be moved. For instance, taking into consideration a bed-slinger 
system, the Z axis should be able to move the toolheads. If the toolheads 
have an overall mass mtoolheads (measured in [kg]), Flc should be thus 
greater than the weight force (Eq. (1)): 

Flc > mtoolheads⋅g (1) 

Similarly, the X and Y axes should be able to move the mass of the 
bed mbed (also measured in [kg]) and so we can write Eq. (2): 

Flc > mbed⋅g (2) 

Considering the specific case of the BOOST bioprinter, the posi
tioning system is based on a cartesian, bed-slinger configuration using 
three stepper motor-actuated linear axes (VT-80, Physik Instrument). 
Specifically, the linear actuators corresponding to the X and Y axes move 
the bed while the vertical Z-axis moves the tool heads. In the BOOST 
bioprinter, the toolheads are attached to the Z axis by a custom-made 
support featuring a plate with threaded M4 holes used to fix multiple 
elements. The printing bed (composed by two rectangular plates with 
overall dimensions to fit a multiwell plate, separated by a spring-based 
three-point calibration system, as can be seen in Fig. 2b) is attached to 
the X axis, which in turn is mated to the linear actuator for the Y axis. 
Finally, the Z and Y axes are attached to a L-shaped support which was 
manufactured in house to guarantee that the two actuators are 
perpendicular one to the other (Fig. 2a).

The values for the moved mass and the resulting minimum load ca
pacity for each axis is reported in Table S1, while relevant characteristics 
for the linear stages are presented in Table S2. Note that the X-axis has a 
higher travel range to accommodate multiple tool heads. The nominal 
resolution of the stages (5 μm) is compatible with the lowest resolution 
among the chosen printing technologies (see Section 2.2). Moreover, the 
high repeatability (±10 μm) in positioning enables the fabrication of 
scaffolds which are consistent across batches.

2.3.2. Development of the toolheads
Material extrusion (i.e., EBB, FDM) and jetting (i.e., IJB) rank among 

the most used bioprinting technologies in the field [4]. In the following 

Table 2 
Summary of the main general design requirements to engineer a multiscale and 
multimaterial bioprinter.

Key design requirements to 
consider

Possible influence of the requirements on the 
building blocks

Type of printing technologies • Hardware: the positioning system resolution, 
accuracy, and repeatability should be at least 
equal to the minimum resolution of all 
printing technologies.

• Electronics: specific drivers should be 
implemented for each printing technology (e. 
g., stepper motor drivers for EBB and FDM, 
pulse generation electronics for IJB).

• Software: relevant parameters for their 
operation should be set in the software (e.g., 
steps/mm parameter for EBB and FDM, 
excitation pulse temporization for IJB).

Number of printing technologies 
to be used at the same time

• Hardware: specific supports and a tool- 
changer mechanism should be implemented 
to allow multi-technology printing. The 
positioning system should accommodate 
multiple toolheads.

• Electronics: the power supply should be able 
to output enough power to handle multiple 
toolheads operation at the same time.

• Software: g-code solutions for multi- 
technology printing should be considered in 
the software implementation.

Overall weight and encumbrance • Hardware: the overall weight and 
encumbrance may influence the choice of 
positioning system (e.g., the travel distance 
for each axis) and the number of compatible 
toolheads and additional modules.

Number and type of additional 
modules to be added

• Electronics: drivers for the additional 
modules should be included in the 
electronics.

• Software: custom g-code commands should 
be implemented to integrate the modules 
operation in the printing process.

Compatibility with standard 
software toolchain

• Software: the chosen firmware should be 
compatible with standard g-code so that the 
printer can be operated with commonly used 
slicers.
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sections, we will detail the design specifically of the mechanical extruder 
mounted on the BOOST bioprinter as an example on how to apply robust 
engineering methodologies for custom toolhead development. The FDM 
and IJB of the BOOST system are based on commercial solutions (REVO 
Hemera, E3D FDM extruder and Hewlett Packard C6602A cartridge and 
related support for the IJB toolhead, respectively) which were slightly 
adapted to be mounted on the toolhead support system (Fig. 3b and c). A 
tool-changer system was designed ad hoc to use two toolheads in the 
same printing process at any given time (Fig. 3d). Briefly, the system is 
based on a thrust-crank mechanism controlled by a servo motor, which 
moves up/down one of the attached toolhead to avoid any collision 
between the toolhead and the printing supports like petri dishes or 
multiwell plates. The down position corresponds to a mechanical stop to 
have a precise and repeatable position. A two-plates system enables 
quick and precise swapping between toolheads.

The CAD design for the piston-actuated extruder is illustrated in 
Fig. 3a. The extruder uses a NEMA 17 stepper motor (SY42STH47- 
1206B, SongYong hybrid stepper motor) to apply a force on the syringe 
plunger thus allowing material extrusion. The rotation of the motor shaft 
is transformed into a linear displacement of the plunger thanks to a 
composite transmission train with a belt-pulley mechanism in series 
with a M5 leadscrew one. Regarding the belt-pulley system, the input 
pulley is attached to the motor shaft through two M3 grub screws, while 
the output pulley is directly attached to the M5 leadscrew. As shown in 
Fig. 3a, the output pulley has a hexagonal slot for the head of a M5 self- 
locking nut, which is used for coupling the two elements. The lead screw 
is sustained by two flanged radial ball bearings, one attached to the top 
plate and one to the syringe support. Two self-locking nuts (one at the 
top, attached to the output pulley, and one at the bottom) keep the lead 
screw in place and transmit rotation to the ball bearings. With this 

solution, the rigidity of the extruder is increased since the extrusion 
force is decoupled from the motor and transmitted directly to the tool
head plate. Finally, the leadscrew is coupled to a carriage which applies 
the extrusion force to the syringe plunger (Fig. 3a). The coupling be
tween these two elements is obtained through a hexagonal M5 long 
aluminum nut. Aluminum was chosen so that the nut will be the first 
element to wear compared to the steel leadscrew, allowing an easier and 
cheaper maintenance. The carriage vertical movement is constrained 
using two linear ball bearings (LM8UU) which slide on two 8 mm 
diameter steel rods. In a mechanical extruder, the main elements to 
consider in the design are that: i) the motor should be able to output 
enough torque at the required operating speed, and ii) the transmission 
mechanism should have a low inertia (i.e., the resistance of an object to 
change its angular velocity about an axis of rotation, measured in 
[kg•m2]) to enable rapid changes in the extrusion speed during printing.

From a mathematical stand-point, we can analyse the BOOST 
extruder as a series of two transmission mechanisms, first the belt-pulley 
and then the leadscrew one. The transmission ratio for the belt-pulley 
mechanism NBP (a-dimensional) is given by Eq. (3) [43]: 

NBP =
ωip

ωop
=

rop

rip
(3) 

here, ωip and ωop refer to the angular velocity of the input (i.e., the pulley 
connected to the motor shaft) and output pulley (i.e., the pulley con
nected to the leadscrew) respectively (measured in [rad/s]), and rip and 
rop to their radius (in [m]). The torque required by the motor Tm is 
related to the output torque of the belt-pulley mechanism TBP

out (both in 
[N•m]) as (Eq. 4): 

Fig. 2. Overview of the positioning system for the BOOST bioprinter: (a) the three stepper motor actuated linear stages in their mounting position; (b), an overview 
of the printing bed, which is attached to the X-axis linear stage; (c) an overview of the toolhead support, which is attached to the Z-axis linear stage.
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Fig. 3. Overview of the toolheads compatible with the BOOST bioprinter. In (a), a CAD visualization of the mechanical extruder and all its components. In (b), a CAD 
visualization of the FDM toolhead, while in (c) the inkjet toolhead mounted on the tool-changer mechanism. Finally, in (d) the toolchanger mechanism main 
components alongside the toolchanger two main positions (termed ‘up’ and ‘down’).
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Tm =
1

ηBP
⋅
TBP

out
NBP

(4) 

where ηBP is the efficiency of the belt-pulley mechanism (a-dimen
sional), which is lower than 1 due to friction effects. The reflected inertia 
at the motor shaft Jm

ref is given by the sum of the inertia of the input 
pulley Jip, of the output pulley Jop, and of the load to be moved by the 
mechanism JBP

load (Eq. (5)): 

Jm
ref = Jip +

1
ηBPN2

BP

(
Jop + JBP

load

)
(5) 

All inertia terms are computed around the main axis of rotation of the 
element. Note that in Eq. (5) the belt inertia was not considered since it 
is low when compared to the other terms. To compute the inertia term of 
the two pulleys, an approximation to a hollow cylinder can be used: 
considering the outer radius rext and the inner radius of the cavity rint , the 
height of the pulley H, and the density of the pulley material ρ 
(measured in [kg/m3]), we can write the inertia term around the main 
axis of the cylinder as Eq. (6): 

Jp =
1
2

m
(
r2
ext − r2

int
)
=

πHρ
(
r2
ext − r2

int
)2

2
(6) 

A similar scheme can be followed for the leadscrew transmission, 
where the transmission ratio NLS will be given by (Eq. (7)): 

NLS =
θ̇LS

vE
=

2π
p

(7) 

In Eq. (7), θ̇LS refers to the rotational speed of the screw (in [rad/s]) 
and vE is the translational speed of the carriage coupled with the lead
screw. The parameter p is the pitch of the leadscrew (in [m/rev]) and as 
a result, NLS is measured in [rev/m]. The torque is given by Eq. (8): 

TLS
in =

Fext

ηLSNLS
(8) 

where ηS is the efficiency of the transmission and Fext is the force to be 
applied on the syringe plunger. Finally, the reflected inertia to the input 
of the leadscrew mechanism is given by Eq. (9): 

JLS
ref = Jscrew +

1
ηLSN2

LS

(

Fext +
Wc

g

)

(9) 

here, Wc is the mass of the carriage (in [kg]) and g is the gravity ac
celeration (in [m/s2]). The inertia Jscrew can be found by approximating 

the leadscrew to a cylinder (Eq. (10)): 

Jscrew =
1
2

mr2 =
πLρD4

32
(10) 

where ρ is the density of the screw material, D is the diameter, and L is its 
length (both in [m]). Since the two mechanisms are used in series, 
JBP

load = JLS
ref and TBP

out = TLS
in , and so Eq. (8) and Eq. (9) can be combined 

respectively with Eq. (4) and Eq. (5) to obtain the final relationship for 
Jm

ref and Tm.
To obtain smooth acceleration and deceleration profiles, the inertia 

ratio IR should be computed, as in Eq. (11): 

IR =
Jm

ref

Jm
(11) 

Jm represents the inertia of the stepper motor rotor, listed in its data
sheet. As a general rule of thumb, the inertia ratio should be lower than 
10 [43]. Finally, Tm is the torque that the motor should supply to 
maintain extrusion at constant velocity. When doing accelerations, a 
term related to the torque necessary to move the whole transmission 
train should be added. If the required motor shaft angular acceleration is 
θ̈m, we can write Eq. (12): 

Tacc = Tm + θ̈mJtot (12) 

More details on the values used for each term of the previously 
described equations as well as the results for the analysis can be found in 
Table S3. Note that the efficiency for the leadscrew mechanism may vary 
between 35 and 85 %, while higher values can be considered for the belt- 
pulley one (90–99 %) [43]. Here, we used a value of 60 % for the effi
ciency of both mechanisms as a worst-case scenario considering that 
several components of the extruder for the BOOST bioprinter are ob
tained through 3D printing (e.g., the pulleys, the belt tensioner), thus 
errors may be introduced by the manufacturing process (e.g., alignment 
errors between components, less rigid and less dense components 
compared to metal parts) that can lower the overall efficiency. Ac
cording to the table, the inertia ratio is around 10 so that the motor can 
accelerate and decelerate the transmission. Furthermore, the torque 
requirements (both at steady operation and during acceleration) are 
satisfied since, at the maximum speed and considering the precautionary 
extrusion load, the stepper motor can output around 0.15 N m (ac
cording to the torque-speed curves in the motor datasheet) which is well 
above both the computed Tm and Tacc.

Fig. 4. overview of the water-based heat exchanger system for the Peltier heating/cooling system.
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2.3.3. Development of additional modules
Additional hardware modules can be added to the bioprinter to 

extend its functionality, including for example: i) temperature control 
for the toolheads and the printing plate, ii) environmental control on 
temperature and humidity, and iii) cross-linking devices like LEDs. 
Among these, the BOOST bioprinter is equipped with a temperature 
control module consisting of a heater for the printing plate and heating/ 

cooling system for the extruder. The former is based on a resistive 
heating pad (THF-90, Thermo Heating Elements), which is positioned 
under the printing plate. Regarding the extruder, the heating/cooling 
system was designed to control the temperature inside a syringe from 
4 ◦C up to 80 ◦C. The system is based on a Peltier cell, a thermoelectric 
device which, when powered, can transfer heat from one of its sides to 
the other. Peltier cells represent a common solution to control the 

Fig. 5. Electronics module of the BOOST bioprinting platform: (a) visualization of the bioprinter power-supply modules; (b) visualization of the control module, with 
highlights on the different control boards and drivers; (c) a schematic of the control module for the IJB toolhead; and (d) the schematic for the additional temperature 
control module.
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temperature (both through heating and cooling) in many applications 
such as cooling devices for lasers [44]. To increase the cooling/heating 
efficiency of the cell, it is important to dissipate both the heat moved 
from one side to the other of the Peltier cell as well as the heat produced 
during operation of the device. As a result, the BOOST heating/cooling 
module features a heat dissipation system based on a commercial water 
cooler (Corsair H60 series) which was adapted for this specific appli
cation. In particular, the water cooler is composed of a tubing system 
with a pump to recirculate water. A finned heatsink equipped with a 
120 × 120 mm fan is used to keep the recirculating water at room 
temperature, while a copper heat exchanger is placed in contact with 
one side of the Peltier cell. The other side of the Peltier cell exchanges 
heat with the syringe through a copper holder that wraps around it, as 
can be seen in Fig. 4.

2.4. Step 3: development of the bioprinter electronics

The electronics building block includes all the components which 
power and control the bioprinter. Regarding the power supply, the main 
parameters to be dimensioned include the operating voltage Vsupply 
(measured in [V]) and the maximum current that the supply can deliver 
Isupply (measured in [A]). The choice of these parameters depends on the 
number and ratings of the components to be operated. For instance, the 
linear actuators of the BOOST positioning system operate at 24V and 
require 1.7 An of nominal current (Table S2). For a three axes system, 
this means that the power supply should be able to output at least 5.1 A. 
This is only a nominal value and usually a safety margin of 20 % should 
be considered, so that at the end a power supply operating at 24V and 
6.1A is needed. A visualization of the power supply module of the 
BOOST bioprinter can be seen in Fig. 5a. Specifically, the printer uses 
three power sources: a 24V-10A power supply for the motorized axes, a 
12V-10A power supply for the Peltier-based temperature control and 
other additional components, a 5V-10A power supply for the control 
boards and any other additional components. Furthermore, a contactor 
with a separate 24V-400 mA power supply is used for the emergency 
stop circuit. Key elements for the control electronics include: i) the 
boards that interface with the firmware, ii) the motor drivers for the 
positioning system, iii) the drivers for the toolheads and for any addi
tional modules. A common solution for open source bioprinting system 
is to use the same control electronics of FDM printer, which usually 
consists in a dedicated board already including all the drivers necessary 
to operate the printer [45]. Although straightforward to be imple
mented, this solution has several limitations. Firstly, the control elec
tronics is not tailored to a bioprinter, which means that it becomes 
difficult to implement other toolheads and modules different from the 
FDM one. Furthermore, these control electronics usually do not have 
high computational capacity and do not provide real-time control over 
the printing process, severely limiting the modularity of the developed 
bioprinter. In the BOOST bioprinter, the electronics is based on 
specialized boards (MESA Electronics) which are commonly used for the 
control of advanced motion systems (Fig. 5b). A field programmable 
gate arrays based programmable board (MESA 7i80db) is used for 
interfacing the bioprinter with the printer PC through an ethernet 
connection, while controlling two daughterboards via parallel connec
tion, one for the motors (MESA 7i76) and the other for the encoders 
(MESA 7i85). Four stepper drivers (DM442, Leadshine) are used to 
actuate each printer axis (X, Y, and Z for the positioning, and A for the 
extrusion of FDM and EBB toolheads). The control module is connected 
to the printer through two DB25 breakout boards, which handle all 
low-amperage signals, while the power cables from the power supply are 
distributed i) inside the control thanks to a high-amperage breakout 
board, and ii) directly to the printing module through plug-and-play 
connectors.

Moreover, custom control boards were designed and implemented 
for the IJB toolhead and the temperature control module, as can be seen 

in Fig. 5c and in Fig. 5d respectively. To print a dot of ink, the cartridge 
needs to receive a specific signal from the control board with a voltage 
that depends on the solution properties (i.e., viscosity, and surface 
tension). The inkjet cartridge is controlled by an Arduino Nano which, 
depending on the input from the printer PC sent through serial 
communication, excites each nozzle separately with a user-defined 
voltage. To decrease the number of needed pins on the Arduino board, 
a solution based on a demultiplexer (CD74HC4067, Texas Instruments) 
was designed. In particular, the demultiplexer has 4 inputs (from the 
Arduino board) and 16 outputs. 12 of these outputs are sent to two 
separate Darlington arrays (ULN2803A, Texas Instruments), which are 
used to reach an appropriate signal load to excite a nozzle with a 
separate boost converter (MT3608, AZDelivery). The latter takes as 
input 5V directly from the power supply module of the printer and in
creases it thanks to an internal potentiometer. The user can manually 
modify this output voltage by rotating the knob of the potentiometer and 
viewing the current value via an LCD screen placed on the inkjet control 
box lid.

Regarding the extruder heating/cooling system, an H-bridge 
(BTS7960, Lrtzizy) was used since it can switch the polarity of the output 
voltage enabling both cooling and heating with the same Peltier element 
(Fig. 5d). The temperature of the copper syringe holder is monitored 
through a commercial temperature probe (DS18B20, AZDelivery), with 
the wires isolated from the outside using a rubber sheath to prevent 
faulty readings due to condensation water during operation. An Arduino 
Uno board is used to read the temperature and control the output current 
from the H-bridge by a pulse width modulation (PWM) signal. The H- 
bridge used for the Peltier cell in the extruder can also be employed for 
the FDM tool head, by switching between the two using plug-and-play 
connectors. Finally, a similar system based on a MOSFET 
(NCEP01T18T, ‘bed MOS’ in Fig. 5d) is used to control the temperature 
of the printing bed (measured through an NTC thermistor), as can be 
seen in the schematics of Fig. 5d.

2.5. Step 4: development of the bioprinter software

Since commonly used electronics for bioprinters are based on FDM 
control boards, the firmware and software toolchain to operate those 
printers is the same as the one for FDM. In the typical FDM workflow, a 
g-code file (i.e., a text file containing all the necessary machine in
structions to produce the printed object) is read by a specialized firm
ware, a piece of software able to interpret the g-code instructions and 
translate them into a physical operation by the printer. Commonly used 
firmware distributions in FDM include Marlin, RepRap firmware, and 
Klipper. Even though customization to the latter have already been 
successfully reported [24,37], to the best of our knowledge there is no 
firmware specifically tailored to bioprinting. Ideally, this firmware 
should be able to operate multiple and diverse bioprinting technologies, 
ranging from the extrusion processes of EBB and FDM up to the material 
jetting ones of IJB. Furthermore, the firmware should be compatible 
with already existing software tools for AM to generate the g-code to be 
easily adopted by researchers. Herein, we propose LinuxCNC as an 
effective firmware that meets these requirements and that can thus be 
customized effectively to develop advanced multimaterial and multi
scale bioprinters.

2.5.1. Overview of the software architecture
The BOOST bioprinter is controlled through LinuxCNC, a software 

for numerical control of machines, such as milling machines, lathes, 
cutting machines, robots [46,47]. It can control up to 9 axes of a CNC 
machine using g-code as input. The main attributes of LinuxCNC are its 
modularity and flexibility, allowing easy integration of different new 
components into an already existing system. These properties are a 
consequence of its software architecture, which is composed of five main 
layers: i) a graphical user interface (GUI); ii) the task executor (EMC
TASK), as command handler and program interpreter for the g-code; iii) 
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the motion controller (EMCMOT), that performs trajectory planning and 
direct and inverse kinematics, driving the motor control subsystems; iv) 
the I/O controller (EMCIO), a single input/output controller which 
handles all functions that are not related to motion control; v) the 
hardware abstraction layer (HAL), the lowest level of the software ar
chitecture, a system that masks what is behind each hardware compo
nent with simple black box-like software components.

The configuration for the bioprinter is based on a standard config
uration file for a three axes cartesian machine. The associated configu
ration file (in.ini format) was modified with the appropriate parameters 
for the chosen positioning system, including. 

• Travel range (MIN_LIMIT, MAX_LIMIT), which is set according to the 
linear stage specifications of Table 3;

• Steps/mm (STEP_SCALE), which defines for each axis how many 
steps of the stepper motor are required to obtain a movement of 1 
mm. This parameter depends on i) the transmission type and ratio 
used by the axis, ii) the stepper motor characteristics, and iii) the use 
of micro-stepping in the motor driver. For example, considering the 
case of the linear stages in Table 3, the stepper motor uses 200 full 
steps to complete a revolution, and each full step is composed of 64 
micro-steps, for a total of 200x64 = 12800 micro-steps per revolu
tion. The stepper motor is directly attached to a leadscrew system so 
that a full revolution of the motor axis corresponds to a linear 
displacement equal to the leadscrew pitch, which for the chosen 
system is 1 mm. The final parameter is then equal to 12800 steps/ 
mm;

• Temporization of the pulse signal (DIRSETUP, DIRHOLD, STEPLEN, 
STEPSPACE), which depends on the stepper motor driver and is re
ported on the related datasheet;

• Maximum speed and acceleration for each axis (MAX_VELOCITY, 
MAX_ACCELERATION), chosen according to the linear stage 
specifications;

• Home position (HOME), which depends on the position of the limit 
switches mounted on the linear stages, and homing sequence, which 
determines the order of the homing procedure.

A summary of the main modifications done in the machine config
uration file can be found in Table 3.

Once the basic configuration for the bioprinter was defined, software 
modifications were performed to control the toolheads and the addi
tional modules. Regarding the extruder control, the extruder stepper 
motor was configured in LinuxCNC as axis A, and its parameters were set 
with the same logic as the other linear stages. The steps/mm value was 
set using the transmission ratios of the composite mechanism (as can be 
seen in Table S3). Similar modifications were made for the FDM tool
head, where the steps/mm value was set according to the transmission 
ratio reported in the extruder datasheet.

Custom toolheads and modules can be controlled through the pipe
line defined in Fig. 6, which defines a method to send a command from 
LinuxCNC to a connected Arduino board through serial communication. 
Specifically, a user defined M command (in the range M100-M199 as 
specified by the LinuxCNC documentation), is firstly created as a bash 
script. Parameters can be passed alongside the M code using a ‘P’ value. 
When the LinuxCNC EMCTASK reads the command, the program 
defined in the M code is triggered and a variable (a ‘pin’ in the HAL 
nomenclature) inside a custom-defined HAL component is set to the 
value passed in the ‘P’ variable of the M code. A custom Python program 
(v2.7, version compatible with the LinuxCNC distribution) is then used 
to encode this variable and send it through serial communication to the 
connected Arduino board. In the latter, a firmware waits for the mes
sage, decodes it, and performs the related task. Both the inkjet toolhead 

Table 3 
summary of the configurations set for the three axes of the positioning system.

Parameter name Value Unit of measure

X axis MIN_LIMIT/MAX_LIMIT − 0.01/200 [mm]
STEP_SCALE − 3200 [steps/mm]
DIRSETUP/DIRHOLD/STEPLEN/STEPSPACE 5000/5000/5000/5000 [ns]
MAX_VELOCITY 20 [mm/s]
MAX_ACCELERATION 250 [mm/s2]
HOME 5 [mm]

Y axis MIN_LIMIT/MAX_LIMIT − 0.01/150 [mm]
STEP_SCALE − 3200 [steps/mm]
DIRSETUP/DIRHOLD/STEPLEN/STEPSPACE 5000/5000/5000/5000 [ns]
MAX_VELOCITY 20 [mm/s]
MAX_ACCELERATION 250 [mm/s2]
HOME 5 [mm]

Z axis MIN_LIMIT/MAX_LIMIT − 0.01/150 [mm]
STEP_SCALE − 3200 [steps/mm]
DIRSETUP/DIRHOLD/STEPLEN/STEPSPACE 5000/5000/5000/5000 [ns]
MAX_VELOCITY 20 [mm/s]
MAX_ACCELERATION 250 [mm/s2]
HOME 5 [mm]

Fig. 6. Summary of the pipeline to send a command from LinuxCNC to an Arduino board connected to the PC through serial communication showing an example of 
user defined M command to control the inkjet toolhead in the BOOST bioprinter (i.e., M100 P4095).
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and the temperature module are controlled using this logic. Briefly, an 
integer value between 1 and 4095 is sent to the Arduino board based on 
a user defined M command (e.g., M100 PX, where X represents the 
integer to be sent) which triggers the printing of a line. The pattern 
codifies which of the twelve nozzles must be active at any given time to 
print. On the Arduino board, after receiving the value through serial, the 
firmware performs a conversion of the integer to a 16-bit binary rep
resentation. The first four bits are not enabled, while the other twelve 
directly command the twelve corresponding nozzles (i.e., a bit equal to 1 
means that the nozzle should print, while it should not print if equal to 
0). Based on the electronics implementation, the four pins commanding 
the multiplexer are then set to the correct value and the printing is 
performed. A similar approach was also employed to control tempera
ture additional module. The module is controlled through three separate 
user defined M commands (M140 for the bed temperature control, M141 
for the FDM toolhead, and M102 for the heating/cooling system), in 
which the P parameter specifies the set temperature. Based on the sent 
value, the Arduino board issues a PWM signal to the MOSFET/H-bridge 
depending on the M command to reach the targeted temperature. 
Internally, the PWM signal is regulated by a PID controller.

2.5.2. Pipeline to print with two toolheads in the same process
Thanks to the previously described tool-changer system, the bio

printer can use two different toolheads at the same time from the 
following combinations: i) fixed syringe extruder and inkjet mounted on 
the tool-changer; ii) fixed FDM and inkjet mounted on the tool-changer. 
Each toolhead can be used either separately or together with the other 
mounted one by using an ad-hoc defined g-code file. The following 
paragraphs will detail the necessary steps to produce the g-code file for 
each tool head and their combination.

2.5.2.1. Extrusion and FDM g-code generation. The extrusion and FDM g- 
code files are handled in the same way since the working principle is 
similar for both. In particular, the g-code is produced by a standard STL 
slicer (e.g., Slic3r, Cura, etc.). Specific printing settings depending on the 
toolhead to be used should be decided at this stage. Particular attention 
should be taken to set the ‘nozzle diameter’ and ‘filament diameter’ 
parameters for the extrusion toolhead. In this case, the ‘nozzle diameter’ 
parameter should be set to the internal diameter of the chosen syringe 
needle. Since common slicers use conservation of mass equations to 
compute the amount of material to be extruded for a given line length 
[48], to obtain correct extrusion rates the ‘filament diameter’ parameter 
should be set to the internal diameter of the syringe (i.e., equal to 12 mm 
for standard 5 ml syringes). The output g-code file from the slicer may 
have some commands that cannot be interpreted, or that have different 

results than intended when read by LinuxCNC. As a result, the file is 
filtered through a custom post-processing Python script that converts all 
the ‘E’ of the extrusion (the standard name for the extrusion axis in other 
firmware) with ‘A’ (the name of the extrusion axis in LinuxCNC), 
removes all the comments and the M commands. The output of the 
filtering procedure can be directly printed as is or can be merged with 
the inkjet g-code following the procedure described in the following 
sections.

2.5.2.2. Inkjet g-code generation. The inkjet g-code generation proced
ure starts with a single, binary image, representing the pattern to be 
printed. The image is read by a custom Python program as a matrix of 
‘0s’ (black) and ‘1s’ (white) where each black cell corresponds to an ink 
drop ejected through a single nozzle. The image matrix is then scanned 
from left to right (Fig. 7). For each column, the algorithm takes twelve 
rows, corresponding to the twelve nozzles of the cartridge, reads the 
corresponding binary number, and converts it to an integer. The M100 
code is written in the output g-code file, with the P parameter set to the 
converted value. Each print move is then followed by a movement 
command G1 (i.e., a linear movement with a specified feed-rate). During 
a single partial scan (twelve rows, all the columns), the Y coordinate is 
constant, while the X one is incremented by the horizontal resolution 
specified by the user.

Once all the columns have been scanned, the algorithm reads the 
columns of the following twelve rows and so on, until the whole matrix 
has been scanned. After each partial scan, the Y coordinate is incre
mented of a fixed value, equal to the number of nozzles times the spacing 
of the nozzles (12× 0.26 = 3.12 mm), until the whole image has been 
scanned.

2.5.2.3. Merged g-code generation. The two separate g-code files, one for 
the mechanical extruder/FDM module and one for inkjet, can be merged 
by defining a custom procedure to switch between the two techniques. 
In particular, a custom M-code command (M101 PX, where X defines the 
type of movement) was implemented in LinuxCNC to control the tool- 
changer movement. The command uses a parameter P which can be 
either 1 or 2; if P is equal to 1 the tool-changer is moved upwards by a 
specified servo motor rotation and the inkjet module will not print. On 
the other hand, if P is equal to 2, the tool-changer is moved downwards 
until it reaches the mechanical stop. In this configuration, the tool 
attached to the tool-changer is used for printing. When moving from an 
extrusion printing path to the inkjet module, the following procedure is 
coded into the g-code. 

1. Move the Z-axis of the machine up to avoid the collision of the car
tridge with the printing support;

2. Move the printing plate so that the cartridge is positioned at its 
center. At this point, the cartridge is well above the printing plate, so 
a M101 P2 command is issued to move it at ≈ 5 mm above the 
printing surface;

3. A G4 command follows all the cartridge movements, which issues a 
dwell move (the printer does nothing) for a number of seconds 
specified by its P value; during this interval, the interpreter stops 
reading and executing the successive lines.

After printing with inkjet, the transition to extrusion follows the 
same logic, but with a mirrored procedure. 

1. The cartridge is moved down with an M101 P1 command, immedi
ately followed by a dwell move G4;

2. The building plate is moved backwards, so that the tip of the syringe 
is at the centre of the print;

3. The Z-axis is moved down to reposition the tip at the proper height.

Fig. 7. Example conversion of a binary image to ink g-code, in red the selected 
pattern (twelve rows and one column). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)
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3. Platform validation

Extensive examples on using the platform with single technologies 
has been already reported elsewhere, like for instance the creation of an 
extensive dataset of videos recording the extrusion-printing process for 
Machine Learning models training and testing [49,50], or the validation 
of mathematical models of the EBB process [48]. Herein, we validate the 
previously presented design workflow by: i) measuring the quality of the 
positioning system and the accuracy and repeatability of the printing 
process, and ii) demonstrating the capability of the bioprinter to produce 
multimaterial and multiscale scaffolds by combining different tech
niques together in a single fabrication process.

3.1. Measuring accuracy and repeatability of the BOOST bioprinter

We conducted two set of experiments to quantitatively evaluate the 
ability of the BOOST bioprinter to produce high quality, repeatable 
scaffolds for TE applications. In the first set, a blue-light profile sensor 
(MLSL132 2D/3D, Wenglor, with a resolution of 30 μm for distance 
measurements) was mounted on the toolhead plate through a custom- 
made 3D printed support, with the blue-light line of the sensor paral
lel to the Y axis of the printer (Fig. 8a). Distance data from the sensor 
were acquired to investigate the straightness error (i.e., unwanted mo
tion in one of the two directions orthogonal to the direction of a linear 
axis commanded to move along a (nominal) straight-line trajectory, as 
defined in the standard ISO-230–1:2012, Part 1: Geometric accuracy of 
machines operating under no-load or quasi-static conditions) in the Z-X 
(Ezx) and Z-Y (Ezy) planes when issuing a movement along the X and Y 

Fig. 8. Summary of the experiments to validate the straightness of the positioning system. In (a), a photo of the set-up, showing the blue-light distance sensor 
mounted on the toolhead plate. In (b), overview of the scanning procedure, in which the distance is acquired at different X positions. Finally, in (c) the results for the 
straightness analysis in the Z-X and Z-Y planes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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coordinates, respectively. Specifically, after homing the printer the bed 
was moved in increments along the X axis (i.e., − 50 mm, − 25 mm, − 10 
mm, 0, +10 mm, +25 mm, +50 mm, where the 0 position refers to the 
bed center along the X axis). For each increment, the whole distance line 
(spanning from around − 25 mm to + 25 mm, where the 0 position refers 
to the bed center along the Y axis) was used to acquire the distance along 
the Z axis parallel to the Y axis (Fig. 8b). All measurements were done at 
room temperature and the acquisition was performed waiting at least 3 s 
after the movement end to have a stable acquisition. The data acquired 
was then filtered to smooth the sensor response (moving average filter, 
using a window of 30 samples) and plotted, as reported in Fig. 8c. As can 
be seen from the figure, the straightness error in the two planes shows 

comparable values, with the maximum value for Ezx at around 35 μm 
and for Ezy at around 28 μm. These values are of the same order of 
magnitude of the distance sensor resolution, and, together with the high 
accuracy and repeatability of the single axis, highlight the high quality 
of the positioning system.

In the second set of experiments, a total of 50 scaffolds (i.e., cylinder 
shape of 5 mm diameter and 1 mm height, 1 perimeter and 50 % infill 
density, no bottom or top layers) were printed using the FDM module 
with commercial PLA (Filoprint) as model material to test the repeat
ability of the printing process. The scaffold dimensions and shape were 
chosen according to a previous work by our group, focusing on the 
printing of scaffolds for bone tissue engineering [13]. After printing, 

Fig. 9. Single-step combination – Printheads calibration: (a) Calibration test of the two printheads by depositing black ink on a FDM printed line; (b) Estimation of 
the calibration error as the distance between the central FDM line and the central ink dots.

Fig. 10. Single-step combination: 3D printed white PLA scaffolds with fully/locally (pointed with a red arrow) deposited black ink within the scaffold architecture. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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each scaffold was measured using a digital caliper to measure its 
diameter and height. The results are reported in Figure S1 of the Sup
plementary Materials. As can be seen from the figure, the measurements 
are close to the targeted ones for both dimensions, reaching a mean 
value of 4.97 mm for the diameter and of 1 for the height. The accuracy 
of the printed scaffolds (computed as the standard deviation of the dif
ference between the measurement and the designed value for the 
diameter/height) was measured as 56 and 27 μm, which is below that of 
commercial FDM printers (±100 μm [51]).

3.2. Multimaterial and multiscale bioprinting with the BOOST bioprinter

To show the capability of the bioprinter to produce multimaterial 
and multiscale constructs, we firstly devised a procedure using the 
combination of FDM and IJB. The choice of these two technologies as the 
starting point was done to have constructs that could be easily imaged to 
see the local functionalization of polymeric materials with ink droplets. 
Specifically, commercial white PLA (Filoprint) was used as a model 
material for FDM, while black ink as the model material for the IJB 
process. Firstly, a calibration procedure was performed to align the two 
toolheads. During calibration, a 20 mm-long line was FDM printed with 
the PLA filament, and then black ink was deposited on the line by 
activating the two central nozzles of the cartridge. The line was exam
ined under an optical microscope (LEICA DM6 M, using top illumination 
at 100× magnification) to calculate the absolute error between the 
central FDM-printed line and the ink dots (Fig. 9a). Images were 

analysed in ImageJ [52] to estimate the coordinates of the FDM-printed 
line and the centres of the ink dots (Fig. 8b). Data were then loaded in 
MATLAB (R2022b) software to compute the calibration error. For each 
couple of ink dots, the midpoint coordinates were computed (namely, 
ink central dots). Similarly, the midline of the FDM-printed line was 
calculated (namely, FDM central line). The calibration error was esti
mated as the absolute difference between the coordinates of the 
FDM-printed central line and that of the ink central dots. An error of 5 ±
2 μm was obtained after calibration, which is in accordance with the 
nominal resolution of the linear stages (i.e., 5 μm). Once the two tool
heads were properly calibrated, the single-step combination was per
formed by alternating between FDM printing of standard white PLA 
layers and the full/local inkjet deposition of black ink to fabricate 
multimaterial and multiscale cylindrical scaffolds (10 mm diameter and 
1.8 mm height) (Fig. 10). Three different printing patterns are shown in 
Fig. 10. In the first and second cases, the scaffold consists of a bottom 3D 
printed layer (i.e., 0 % porosity), black ink fully deposited on the area, 
and a final 50 % or 20 % porosity 3D printed layer. In the third case, the 
scaffold has a bottom layer, an intermediate layer of 50 % porosity and a 
line of black ink locally deposited on a strand, and a final 3D printed 
layer of 10 % porosity.

Based on the previously validated procedure, the printing of scaffolds 
using biomaterials was demonstrated by combining EBB with IJB, 
showing the ability of the BOOST bioprinter to create multimaterial and 
multiscale scaffolds. For EBB, a biomaterial ink was obtained by mixing 
pectin and gelatin (named Gel-Pect) as previously described [53,54], 

Fig. 11. EBB and IJB combination to create multiscale and stimuli-responsive scaffolds. In (a), IJB of a solution of PEDOT:PSS to create electric conductive tracks 
within the scaffold, and in (b) of an aqueous dispersion of magnetic nanoparticles (i.e., SPIONs) on the strands of a woodpile scaffold that can be used to directly 
stimulate cells by the application of a magnetic field.
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printed with a speed of 3 mm/s, a layer height of 0.3 mm and using a 
21G needle. For IJB two different solutions where used, namely, an 
organic conductive polymer solution of PEDOT:PSS, and a water 
dispersion of magnetic nanoparticles of SPIONs, with the aim to create 
scaffolds that can react to external stimuli, electric and magnetic, and 
thus trigger a specific biological behaviour. In the first case, a cubic 
scaffold of 10x10 × 5mm was printed by alternating the extrusion of the 
Gel-Pect hydrogel and the local deposition of PEDOT:PSS to create a 
pattern of localized conductive tracks. Droplets were successfully 
incorporated into the hydrogel layers as shown in Fig. 11a. Once seeded 
with cells, the conductive tracks can potentially provide them electrical 
stimuli, for instance, to guide and enhance the muscle regeneration [55]. 
In the second example, the SPIONs-loaded solution was locally jetted on 
the strands of a woodpile structure (10x10 × 3 mm, 1.2 mm pores, 0.6 
mm strands), which were successfully and precisely deposited as illus
trated in Fig. 11b. In this way, cells can be directly exposed to SPIONs 
once seeded onto the scaffolds to trigger, for instance, their 
mechano-transduction in presence of a magnetic field in the bone tissue 
engineering [56]. Dimensions of the pores and strands of the printed 
scaffold were measured using ImageJ software, resulting 1.06 ± 0.11 
mm and 0.74 ± 0.06 mm, respectively, resulting in a relative error of 28 
% and 24 %. Although less accurate than the measurements for FDM, 
these errors might depend on the material rheological properties that 
might induce an uneven extrusion.

4. Conclusions

Bioprinting represents a promising technology for the fabrication of 
scaffolds for TE applications. In recent years, a major trend in bio
printing research is represented by the combination of multiple AM 
techniques, each operating at different scale lengths and each being 
compatible with different materials, to create complex structures that 
more closely mimic the natural composition of the targeted tissue 
extracellular matrix. Although several companies have started 
commercializing bioprinters, open source projects are also available in 
literature, which usually employ modifications of already existing 
printers and adapt them to the specifics of bioprinting. In this context, 
here we described a design workflow to fabricate a bioprinter from the 
ground up, taking into consideration all the necessary requirements and 
constraints. The proposed workflow starts with the definition of the 
design requirements that should be considered during the initial stage of 
the process, including for instance the number and type of bioprinting 
technologies that should be used, or the overall weight and encum
brance of the final platform. Using these requirements, the workflow 
proposes robust methods to design the main components of a bioprinting 
system, namely the hardware (i.e., the positioning system, toolheads, 
and additional modules), electronics (i.e., power supply, control 
boards), and software (i.e., firmware, methods to generate the g-code). 
Following this workflow, we described the development of the BOOST 
bioprinter, an open source multimaterial and multiscale bioprinter 
(compatible with three technologies, namely EBB, FDM, and IJB) able to 
produce high quality scaffolds. The firmware source code is made 
available online in the ZENODO repository (https://doi.org/10.5 
281/zenodo.10993098) and will serve as a blueprint for the develop
ment of advanced, open source bioprinters.
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